The electrical signaling capabilities of neurons depend on the flows of ions into and out of their axons. Potassium ions exit an axon's interior through a potassium channel or pore that connects the intracellular region with the extracellular region. The channel opens, or is activated, allowing potassium ions to exit. The channel then undergoes a blocking transition in which the channel is physically open but is blocked by some part of the larger channel molecule. This blocking process is called inactivation, and the physics by which it might occur forms the topic of our investigation. The N-terminus region of the Drosophila shaker potassium ion channel was identified by Hoshi et al as having an important role in channel inactivation. Using the last 19 amino acids in the N-terminus region, a mass and net charge were calculated. We investigated two forces that might affect the motion of this N-terminus mass (tentatively identified as the blocking or inactivation particle): the magnetic field effects due to potassium ion current in the channel, and an electric force due to the decreasing density of potassium ions from the intracellular region.
INTRODUCTION
A neuron is the type of cell responsible for information transfer in the body.
The neuron ( Figure 1 ) obtains information through its dendrites and then a signal, called an action potential, is sent along the axon to the terminal branches where it is passed to other cells. As the action potential travels down the axon, sodium ions flow into, and potassium ions out of, the axon. This transport happens through transmembrane channels that are selective of only one type of ion, i.e., Na + , K + [1] . This paper focuses on the potassium ion channel.
The potassium ion channel is as a pore that allows potassium ions to pass from the inside to the outside of an axon. It is embedded in the cell wall which is made up of a bi-lipid membrane. The channel is constructed of a single large molecule composed of around 1800 amino acids linked together in a chain that weaves in and out of the axon membrane. The potassium ion channel molecule folds into four identical regions, each with six different transmembrane segments denoted S1 through S6 (see Figure 2 ). The ends of this molecule hang on the intracellular side of the membrane. One end is tipped with a nitrogen atom and is called the N-terminus and the other has a carbon atom and is called the C-terminus, as shown in Figure 2 [1] . The so-called hydropathy index of its component amino acids determines how this molecule folds the way it does. Some amino acids are hydrophobic, meaning that they are repelled from water, while others are hydrophilic, meaning they are attracted to water. Because both the inside and outside of the cell are in a saline solution, which is mostly water, this property determines how the channel molecule folds into its observed form. Hydrophobic portions of the molecule, in order to stay away from the saline solution, are sheltered inside the axon bilipid membrane, while hydrophilic amino acids are outside with the saline solution [1] .
The potassium ion channel is more than simply a hole in the cell membrane through which ions can pass. The channel has three distinct states: activated; deactivated; or inactivated. Activated means that the channel is open to the flow of potassium ions through it; deactivated means the channel moves back to its resting state which no longer allows ions to flow; and inactivated which means the channel is open as in the activated state but is in addition physically blocked in some way so that ions cannot flow.
There is fast inactivation, which happens one to three milliseconds after activation, and slow inactivation, which takes about six hundred milliseconds to occur [1, 2] . The topic of this research involves fast inactivation.
When an action potential passes over a potassium ion channel the S4 segment acts as a voltage sensor. Each S4 segment contains several charged amino acids that force the four S4 segments to rearrange in response to the electric fields of the action potential. In response to the S4 segments moving the S5 and S6 segments all four regions reconfigure so as to create an opening that allows K+ ions to flow out of the cell. This process is what happens when it is said the channel activates. When the action potential goes back to equilibrium, the channel is deactivated, and the S4, S5, and S6 segments go back to their original positions [1] .
When the channel is activated potassium ions flow through the channel in single file, separated by one water molecule [3] , at a rate of approximately 6000 ions per millisecond.
II. INACTIVATION OF THE POTASSIUM ION CHANNEL
Experiments involving deletion mutations in the N-terminus region of the Drosophila Shaker potassium ion channel found that the removal of charged amino acids in the first 19 residues, measured from the N-terminus, slowed the fast inactivation of the potassium channel while the removal of the hydrophobic amino acids in the first 19 residues stopped fast inactivation. Large deletions from the molecule between residues 20 and 80 shortened the time taken Table 1 . Characteristics of amino acids in the N-terminus region.
for inactivation to occur [2] . This data fit very well with the ball and chain model originally proposed by Armstrong [4] to describe the inactivation of the sodium channel.
The ball and chain model, as shown in Figure 3 , proposes that a "ball" is connected to the intracellular portion of the channel by a "chain". The ball moves into the channel and stops ion flow a few milliseconds after activation. The region consisting of the first 19 residues in the Nterminus consists of a number of charged and hydrophobic amino acids. This area twists into a ball with the hydrophobic amino acids in the center of the structure and the charged amino acids on its exterior. The ball is attached to the rest of the channel molecule by a chain of approximately 60 amino acids [2] .
The mass and charge for the Nterminus region of the potassium ion channel molecule in Drosophila were determined by looking at the amino acid sequence of this region, given above. The mass and charge were used in equations of motion which were derived from Newton's 2 nd law and the Lorentz force law [5] . The amino acids are listed by their single-letter abbreviations [6] , their types are listed as N for non-polar, P, for polar, "-" for negatively charged, and "+" for positively charged, and for their hydropathy index [1] . In this project only the net charges of the amino acids are taken into account. The polar aspects are being ignored. The hydropathy indexes given above indicate how each amino acid reacts with water. Those with positive indexes, with a maximum of +4.5, are hydrophobic, meaning that they are repelled from water, while those with negative indexes, up to -4.5, are hydrophilic, meaning they are attracted to water. Because the N-terminus is surrounded by a saline solution the hydropathy index determines how the molecule folds to form a "ball". Hydrophobic portions of the molecule are inside the ball while the hydrophilic parts are on the outside.
III. RESEARCH TOPICS AND MODEL CALCULATIONS
The subject of this research was to investigate two interactions that might affect the motion of this N-terminus mass: the magnetic field effects due to potassium ion current in the channel, and an electric force due to the decreasing density of potassium ions near the intracellular channel opening. Knowing the structure of the N-terminus region of the potassium ion channel, and its relation to inactivation [2] , gave a starting point for comparing experimental times for inactivation to occur with calculations of the motion of the N-terminus ball to the opening of the channel because it allowed us to find the mass and net charge of the inactivation particle for use in motion equations. The first 19 amino acids in this region, as shown in Table 1 We first investigated the effect of the magnetic force produced during activation due to the potassium ion current in the channel. For this computation the current of potassium ions through the channel was estimated as 6x10 5 ions per second [5] . The magnetic field due to the potassium ion current through the channel is treated as if it were a strait line segment with the current flowing in the negative z direction as shown above. To find the magnetic field for this system, the equation for the magnetic field surrounding a straight current segment suffices [7] , ( )
where θ 1 and θ 2 are angles defined in Figure  4 . A program compared the motion of the inactivation particle from rest at 60 Å, 130 Å, and 200 Å from the channel opening, due to a constant electric field to the motion of the ball due to the same constant electric field and the magnetic field caused by the current in the channel.
This range of starting distances (60 to 200 Å) represents the "chain" in several states, from coiled to completely uncoiled. A constant electric field was used in the computation in place of a time and position varying electric field for simplicity and because the focus was to study the magnetic effects only. Using electric field magnitudes ranging from 1x10 4 N/C to 1x10 7 N/C, the effect of the magnetic field was examined.
Fields of these magnitudes were near the electric fields found in the next section. The initial position of the N-terminus "ball" was placed such that its displacement in the z direction below the x-y plane was equal to its distance from the z axis, s, so that As the results of Table 2 show, there is only a small change in the inactivation time due to the addition of the magnetic force. Hence the magnetic force due to the ionic current is not a primary force in determining the time needed for fast inactivation.
As a note this computation does not take into account the magnetic field generated due to the opening from Table 2 . The percentage increase in transit (i.e., inactivation) times of the N-terminus "ball" due to the inclusion of a magnetic term to the total force on the ball. The magnetic force can only divert the ball along its path, in a direction perpendicular to the ball's velocity and the local magnetic field vector. Equation (1) Before activation it is assumed that the potassium concentration is constant near the potassium ion channel opening. As potassium ions flow out of the axon through the ion channel, potassium ions surrounding the intracellular channel opening will diffuse toward the channel. This decreasing density of positive charges can be represented by an equal rate of accumulation of negative charges that diffuse from the opening with time into a charge-neutral environment. Spherical polar coordinates are used here with the origin at the intracellular channel opening (as shown in Figure 4) .
To represent this diffusion of negative charge we start with the classical diffusion equation in one dimension [8] . If Q is the amount of negative charge at r = 0 at t = 0, then the concentration of charge is, This equation gives the concentration of a set of charges placed at the origin at time equals zero. The flux of negative charges present in the case of the potassium ion channel requires a continuous input of charges. In order to arrive at this we integrate c(r,t) over time and change Q to Φ (measured in Coulombs per second). This change in parameter from Q to Φ is done to ensure that C(r, t) has units of Coulombs per meter.
( ) This is the one dimensional diffusion equation for a constant flux at the origin. In order to change this to represent the three dimensional interior of the axon it will be multiplied by a correction factor G, where
There also should be some constant attached to G, but D, the diffusion constant, which we must approximate in any case, will effectively absorb this constant. This correction factor was chosen because it gives the concentration dimensional consistency for three dimensions, simplifies future computations, and corrects for the r 2 term encountered when moving radially outward on a hemisphere. In order ensure that G remains a reasonable correction factor, it is important to assume that the inactivation particle stops before r = 0. So for the purpose of this computation, the equations of motion will only be examined up to 1 Å from the channel rather than 0 Å. This is a reasonable limitation to apply because of the size of the inactivation particle is greater than one angstrom, thus it will hit the channel mouth at a greater center-of-mass radius than 0 Å. From C(r,t), with G(r), the electric field due to the relative concentration of negative charges near the intracellular mouth of the channel can be found.
To simplify the computations in finding the force Gauss's law was used for a sphere centered on the channel opening with the ball on its surface. This will cause the predicted time to be somewhat greater than otherwise.
Applying Gauss' Law [5] to find the intracellular electric field, as a function of radial distance r and time t, In the integration over dr each of the above terms with an exp(-r 2 ) involves a summation in the solution. Each of these summations truncates very quickly. We thus have approximated them by their lowest order first non-zero terms. In addition the summation over k in the fourth term also truncates very quickly and thus it too is approximated in lowest order. The integrals for the first and third terms are fairly strait forward, however the second and fourth term required the following substitution in order to remove the r 2 in front of the exponential.
With this substitution the results follows relatively quickly. From this the force, and hence the acceleration, on the ball can be found using Newton's second law,
A program was written to calculate E(R, t) on the ball at small time steps, and then numerically find the time required for the ball to reach the channel opening. Euler's method was employed [10] . The initial conditions of for the N-terminus "ball" and its environment are given in Table 3 .
According to the computations the N-terminus ball will reach the channel opening at about 7x10 -9 seconds. The normal inactivation speed is around 10 -3 seconds, a speed far faster than happens experimentally [11] .
A number of qualities of the system could be implemented to correct for much of the discrepancy between the real and the computed times.
The saline solution surrounding the N-terminus chain will cause N-terminus parameters and initial conditions a drag on the ball as it travels to the channel opening, hence slowing it down. The mass used for the N-terminus region only included the mass of the last 19 amino acids on the chain, and not the mass of the entire chain.
The chain has about 60 amino acids, in addition to the 19 in the ball and some of this mass will be drug along by the ball. This will increase the effective mass of the ball and the amount of resistance the ballchain encounters as it moves through the saline solution. A dense concentration of negative charge, which is effectively what is seen near the channel opening during this process, will disperse more quickly due to the repulsive forces of the surrounding charge, hence it is possible that the real diffusion rate of the charges could be much greater than estimated. This would cause the number of charges with in the Gaussian surface to decrease and in turn decrease the force felt by the ball. The shielding properties of the saline solution to the electric field were also not taken into account.
IV. CONCLUSIONS
The effects due to the magnetic field created by the ionic currents through the potassium ion channel were found to decrease the time for inactivation to occur, but only by a very small amount. Overall this magnetic field only reduced the inactivation time by around one percent. This shows that this is not a primary force in this system compared to the force created by the decreasing density of positively charged potassium ions near the channel opening.
The effects due to the electric field created by the decreasing density of positively charged potassium ions near the channel opening have been shown to be very large. The results of this project show that with our given assumptions, and without any interposing obstacles to the N-terminus ball, this force would cause inactivation about 10 6 times faster than measured in real potassium ion channels. This suggests that this electrically induced force could be the primary driving force responsible for pushing the N-terminus ball to the channel opening, although other forces responsible for the damping of the N-terminus motion need to be explored to bring computational inactivation times in line with observed times.
There are several possibilities for future research in the area of the physics of potassium ion channel inactivation. Motion due to the magnetic field due to the movement of potassium ions toward the channel opening, the damping/frictional force created by the presence of the saline solution surrounding the N-terminus region, and the electric and magnetic shielding due to the saline solution are all ways to try to correct the fields computed above. Finally, improving mathematical simplifications used to obtain these results would also increase the accuracy of the computations.
